This paper reviews the literature on texture segregation and texture transparency, and proposes a new account of texture transparency based on the theory of texture segregation. To date, it has been suggested that the perception of transparency might stem from perceptual grouping or spacing effects between texture elements. Based on recent data, this paper argues that texture transparency should be explained by a Filter-Rectify-Filter mechanism, which underlies texture segregation; the integration of collinear texture edges and the separation of orthogonal texture edges at texture-defined junctions are a critical factor in causing texture transparency. Moreover, outstanding problems with the theory of texture transparency were discussed in terms of the nature of second-order junctions, the time-course of overlaid texture surfaces, and synergetic effects by combining several visual attributes such as orientation and spatial frequency.
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SCOPE AND PURPOSE
Vision requires a retinal image to be decomposed into several elementary features, which are then integrated into a coherent representation including an object and its background. First, the retinal image is parsed into orientation and spatial frequency components in the brain by banks of linear filters located in V1. The nature of these filters, such as orientation selectivity or spatial frequency selectivity, has been revealed by psychophysical and physiological experiments (Blakemore & Campbell, 1969; DeValois & DeValois, 1988; DeValois, Yund, & Hepler, 1982; Hubel & Wiesel, 1968) . Based on outputs from these filters, the object in the mid-level vision is constructed (Adelson & Bergen, 1991; Marr, 1982) .
For visual construction, integration of the outputs from linear filters into higher visual units is required. Two kinds of integration are executed: First, several outputs from linear filters at the same location require integration across a scale, that is, spatial frequency, and with regards to orientation (Schwartz & Simoncelli, 2001) . For example, it has been suggested that edge information of a higher spatial frequency plays a dominant role over that of low spatial frequency when they are integrated at the same location (Burr & Morrone, 1990; Morrone & Burr, 1997) . Second, neighboring outputs require integration; for example, orientation information within a functional region, an 'association field', is integrated into edge information, which is spatially continuous (Field, Hayes, & Hess, 1993) .
During the integration process, separation of these outputs is also important in determining what should be integrated into a unified object and what should be parsed into different objects. However, linear filters cannot detect texture-defined edges, that is, orientation-, contrast-, and spatial frequency-defined edges, since these filters can only respond to variations in luminance. Hence, the visual system has to determine the existence of texture variation by comparing neighboring signals of linear filters. A model with two-stage processing has been proposed for the mechanism of texture segregation, where the rectified outputs of linear filters sensitive to luminance variation are detected by a second set of linear filters. The processing model has been verified by psychophysical and physiological experiments (e.g., Baker & Mareschal, 2001; Chubb & Sperling, 1988; Landy & Bergen, 1991) .
Texture differences among regions can also contribute to the perception of transparently overlaid regions as well as segregation of neighboring regions. The perception of overlaid regions seems to require not only the integration of similarly textured regions but also separation of regions by differences in texture. Hence, the segregation of overlaid surfaces might theoretically be higher-order perception compared to the segregation of neighboring regions. In general, the perception of transparency is triggered by the luminance arrangement at junctions (Adelson, 2000; Adelson & Anandan, 1990) , differences in motion direction and speed (for a review, Snowden & Verstraten, 1999) , and differences in binocular disparity (for recent research, McKee & Verghese, 2002) . Perception of each is known as luminance transparency, motion transparency, and stereo transparency, respectively. Recently, 'texture transparency' (also known as texture laciness), which involves perception of partially overlaid regions filled with different textures as transparent, has also been suggested (Kawabe & Miura, 2004a , 2004b , in press, Kingdom & Keeble, 2000 Watanabe & Cavanagh, 1996) . That is, two overlaid regions are perceived in the same line of sight on the basis of texture differences between the regions. However, the cause of texture transparency is still debatable.
The purpose of this paper is to provide and establish an account of texture transparency based on the theory of texture segregation. We believe that the two-stage processing that mediates texture-edge detection is shared by texture transparency, and propose a mechanism that involves integration of texture edges at second-order Xjunctions. In the second section we review the mechanism of texture segregation, which might underlie texture transparency, and in the third section we review the literature on texture transparency and propose an account of the perception of transparency based on a Filter-Rectify-Filter (FRF) mechanism. In the fourth section, we discuss various outstanding problems regarding texture transparency.
SEGREGATING NEIGHBORING REGIONS BY TEXTURE

Pioneer Research on Texture Segregation
Texture segregation is a visual phenomenon in which texture differences between (or among) regions induce the segregation of these areas from their neighbors. A pioneer study on this topic suggested that texture segregation is caused by differences in orientation components rather than perceptual similarities (Beck, 1966) . Specifically, tilted 'T's are detected more easily than upright 'L's from a background of upright 'T's suggesting that the information required for texture segregation is elementary features such as orientation and spatial frequency, which are processed by linear filters during the early stage of visual processing. Moreover, it has been suggested that perceptual grouping of orientation information is the critical mechanism for texture segregation (Beck, 1972 (Beck, , 1973 .
On the other hand, it has been suggested that the elements inducing easy texture segregation might be 'textons' rather than orientation and spatial frequency. For example, despite having identical orientation information of lines in the target and background regions, regions of '+'s were easily detected when surrounded by 'L's (Julesz, 1981) . In other words, the intersections could be easily segmented from the corners. In line with these results, it has been suggested that the visual system might count on intersections as an important feature, and that regions with, for example, elongated blobs or line segments and their terminators, known as 'textons', can be detected more easily than those without such features. The texton theory is similar to the feature integration theory (Treisman & Gelade, 1980; Tresiman & Gormican, 1988) in that both assume that the critical parameter for segregation (or visual search) is a set of visual features, and that a combination of these features between target and background (or distracters) regions can determine the ease of segregation (or visual search).
The texton theory was hampered by the application of size-selective filters to a display containing different textons in the target and background regions (Fig. 1) . Although the intersections (+'s) have similar orientation information to the corners (L's), different sized isotropic filters can respond to these intersections and corners (Bergen & Adelson, 1988) . This means that outputs from different linear filters in terms of spatial frequency-selectivity might cause texture segregation, and texture segregation can be accounted for by the mechanism accompanying early vision.
Based on this idea, several models of texture segregation, which consider the outputs of linear filters in V1, have been proposed. The next section reviews the literature on the mechanism for detection of texture edges.
Mechanism for Detection of Texture Edges
Two arguments exist with regards to the involvement of linear filter outputs in texture segregation. One argument assumes early non-linearity before linear filtering, which enables linear filters in V1 to respond to non-luminance variation such as contrast modulation. It has been suggested that adaptation to contrast-modulated sinusoidal gratings can cause an increased threshold for the detection of luminance-modulated sinusoidal gratings when their spatial frequencies are similar (Burton, 1973) . This means that the same mechanism might be assigned to the processing of luminance-and contrastmodulated gratings. Since luminance-modulated gratings are processed by linear filters in V1, contrast-modulated gratings have to be transformed into a form that the filters can respond to. To transform contrast-modulation information into luminance-modulationlike information, early non-linearity might work. A recent study confirmed that zebra-fish without a visual cortex can respond to texture-defined motion signals (Orger, Smear, Anstis, & Baier, 2000) . This evidence supports the existence of early non-linearity before the visual cortex, though the difference of species should be assessed in future studies.
The other argument assumes late non-linearity. It is suggested that the threshold for detection of contrast-modulation in sinusoidal luminance gratings is dependent on their spatial frequency (Langley, Fleet, & Hibbard, 1996) . Specifically, adaptation to luminance gratings increased the threshold for the detection of contrast-modulated gratings when the spatial frequencies of luminance gratings in adaptation stimuli were similar to those in test stimuli. These results are inconsistent with early non-linearity processing because visual processing occurring before the visual cortex has no spatial frequency selectivity. Hence, it has been proposed that non-linear transformation (e.g., rectification) of outputs from linear filters makes it possible to detect contrast-modulated gratings. Orientation and spatial frequency selectivity in the detection of contrast-modulated gratings were previously reported (Dakin & Mareschal, 2000; Nishida, Ledgeway, & Edwards, 1997; Prins & Mussap, 2000; Schofield & Georgeson, 2003; Sutter, Spering, & Chubb, 1995; Wenderoth, Clifford, & Wyatt, 2001) .
Models incorporating late non-linearity have been proposed (Chubb & Sperling, 1988; Gorea & Papathomas, 1993; Landy & Bergen, 1991; Malik & Perona, 1990; Sutter, Beck, & Graham, 1999) . In these models (Fig. 2) , the visual image is initially analyzed by banks of linear filters, which selectively respond to orientation or spatial frequency information within their own pass band. Next, to prevent the positive and negative parts of these responses from canceling each other out when pooled, the outputs of these filters are rectified (or processed in a non-linear fashion). Third, second linear filters respond to the rectified outputs of the first linear filters, and detect any variation in texture. This is known as a Filter-Rectify-Filter (FRF) mechanism (Kingdon, Keeble, & Moulden, 1995; Kingdom & Keeble, 1996; Motoyoshi & Nishida, 2001 ; the linear filters that respond to variation in luminance are called first-order filters, while those that respond to rectified outputs of first-order filters are called second-order filters. The first order information fed into the second-order filters is often called carrier. The next section focuses on the literature on carrier selectivity of FRF mechanisms.
Carrier Selectivity and Spatial Interaction of FRF Mechanisms
Recent studies on texture segregation have focused on carrier selectivity of FRF mechanisms. More specifically, there is a debate about whether or not in the FRF mechanism, second-order filters tune to carrier orientation, which serves as the input. The masking effects on the detection of orientation-modulated gratings were previously measured using a simultaneous masking paradigm, where the test and mask patterns are spatiotemporally overlapped and simultaneously presented to the observers as the orientation function of orientation-modulated gratings and carrier orientation in masking stimuli (Arsenault, Wilkinson, & Kingdom, 1999) . As a result, a profound masking effect was found when the orientation of the orientation-modulation gratings in the masking stimuli were similar to those in the test stimuli, while carrier orientation did not have an effect on the threshold. This means that FRF mechanisms might not differentiate carrier orientation as inputs, but rather they might have sensitivity to the orientation of contrast modulation as shown in Fig. 2 .
On the other hand, the spatial interaction between FRF mechanisms sensitive to different carrier orientation has been shown (Wenderoth et al., 2001) . It was reported that the tilt effect is reduced when the contrast-modulated gratings in a central disk have Fig. 2 . Filter-rectify-filter mechanisms. The set of small ellipses represents first-order linear filters, which respond to orientation information defined by luminance variation. R: rectification processing.
The two large ellipses represent a second-order filter, which responds to vertical orientation defined by texture variation. The left second-order filter responds to vertical contrast modulation and the right to horizontal contrast modulation.
carrier orientation orthogonal to that of contrast-modulated gratings in a surrounding disk. This suggests that processing of contrast-modulated gratings orientation is separated by carrier orientation. The inconsistency of these results might stem from the types of stimuli used: in the former study (Arsenault et al., 1999) , the masking stimuli were overlapped with the test stimuli, while in the latter (Wenderoth et al., 2001) , two contrast-defined gratings were adjacent to each other. It is possible that the experimental display in the former might have stimulated the same FRF mechanism regardless of carrier orientation as long as the orientation of contrast modulation was equivalent between test and mask stimuli, while in the latter different FRF mechanisms that neighbor each other might have been stimulated. Therefore, it is possible that although a single FRF mechanism might not differentiate carrier orientation as input, spatially neighboring FRF mechanisms with different carrier inputs might be able to interact with each other. This section reviewed the literature on texture segregation and its underlying processing mechanism, and suggested that a two-stage processing mechanism, that is, a FRF mechanism, underlies the detection of texture edges. We also discussed that single FRF mechanisms cannot differentiate carrier orientation as inputs while neighboring mechanisms with different carrier orientation inputs can interact with each other. As described in the first section, it is likely that the FRF mechanism is shared with the mechanism for texture transparency. In the next section, we review the literature on texture transparency and put forward an account of texture transparency in terms of FRF mechanisms.
PROCESSING OVERLAID SURFACES BY TEXTURE
Texture transparency refers to the phenomenon where partially or entirely overlapping regions can be perceived as being segregated. So far, vision researchers on texture perception have been attracted to the issue of segregation of neighboring regions, but they have not discussed how segregation of overlaid texture regions is processed in the visual system. In this section, we review the literature on texture transparency in more detail. First, the evidence in previous studies is summarized; and second, based on our recently reported data, the mechanism responsible for texture transparency is argued in terms of FRF processing. In this manuscript, 'texture transparency' and 'segregation of overlaid surfaces' can be interchanged; that is, perception is 'transparent' when observers can simultaneously perceive two overlaid regions in depth, while on the other hand, perception will be 'coherent' or 'not transparent' when observers perceive a textured pattern without segregation in depth.
Previous Studies on Texture Transparency
It is suggested that perceptual grouping of texture elements causes segregation of overlaid regions. When partially overlapping, two texture-defined squares are perceived as being transparently overlaid if they have dissimilar texture elements (Watanabe & Cavanagh, 1996) . In this previous study, dissimilarity is defined by a difference in the width, orientation and shape of texture elements between regions. By arranging white and black elements in turn, Watanabe and Cavanagh (1996) denied the involvement of a cue for luminance transparency (Adelson & Anandan, 1990; Metelli, 1974 Metelli, , 1985 . On the other hand, they implied the involvement of a spacing cue between textures; this was in line with the results showing that complete superposition of texture elements hindered the perception of transparency.
Segregation of overlapping gratings has been examined in a psychophysical manner. The stimuli used in Watanabe and Cavanagh (1996) had textures with hard edges, and hence the spatial frequency or orientation spectrums in their stimuli were broadband. Using more controlled stimuli with Gabor patches, Kingdom and Keeble (2000) investigated the threshold of detecting anti-phase overlapping orientation modulation gratings by modulating orientation contrast within each grating. It was shown that the overlapping gratings could be easily segregated by introducing differences in carrier spatial frequency between gratings (Kingdom & Keeble, 2000) . Kingdom and Keeble proposed three possible explanations for their results: one was that feature extraction before the texture-processing stage was involved in their results. Specifically, extracting multiple orientation information might have contributed to the observed results. This idea was explained by the fact that their task was possible even when there was no difference in Gabor spatial frequency between overlapping gratings. Secondly, the contour integration mechanism proposed by Field et al. (1993) might work to integrate orientation information within a scale. This means that the orientation cue for perceptual grouping is important for the occurrence of texture transparency. Thirdly, the FRF mechanism tuning to carrier spatial frequency might decrease the threshold for detecting overlapping gratings when different carrier spatial frequencies were introduced into two gratings. They explained that a general purpose FRF mechanism insensitive to carrier information cannot realize the segregation of overlapping gratings, because the outputs from general purpose FRF mechanisms that respond to one grating are likely to be similar to those from mechanisms that respond to the other gratings. They thus suggested that segregation of two overlapping gratings might stem from a FRF mechanism sensitive to carrier frequency.
However, several issues in their study are still unclear. In the study by Kingdom and Keeble (2000) , the impression of transparency was not directly measured. In addition, as they suggested, their results can be explained by simple feature extraction, without introducing the idea of surface segregation. Hence, it is ambiguous whether surface segregation causing texture transparency was involved in their results. Moreover, although they suggested the possibility of a carrier selective FRF mechanism, since they did not investigate in-phase overlapping gratings, there is a possibility that phasedependent processing as well as carrier selective processing in FRF mechanisms affected their results. In addition, since the appearance of the stimuli in Kingdom and Keeble (2000) was dissimilar to those in Watanabe and Cavanagh (1996) , it seems difficult to directly compare these results.
Recent Explanation for Texture Transparency
To directly examine the occurrence of texture transparency with more controlled stimuli, using two partially overlaid, texture-defined circular regions, Kawabe and Miura (2004a) examined the effect of spatial frequency (Gabor spatial frequency) of the Gabor patches making each region on the probability of transparency. In the first experiment, they changed the Gabor spatial frequency differences between regions and showed that for segregation more than a critical difference in Gabor spatial frequency (1 cpd vs 3 cpd) was needed. The difference is likely to stimulate different spatial frequency channels (Campbell & Robson, 1968; Legge & Foley, 1980) . In the second experiment, they controlled the degree of overlap between two regions and showed that the perception of transparency was impossible when the degree of overlapping was large. These results are consistent with previous studies (Watanabe & Nakazato, 2003) . However, from these results it was not possible to unambiguously determine what information in the nonoverlapping regions is important for texture transparency. Therefore, in the third experiment, the authors controlled the visibility of texture edges by changing the orientation contrast between the texture edge in each non-overlapping region and its background, and investigated the potential effects of texture edges on texture transparency (Fig. 3(a) and (b) ). Consequently, they revealed that the probability of transparency increased as the visibility of texture edges in the non-overlaid regions increased. These results indicate that texture edges might play a critical role in perceiving transparency by texture, and that FRF mechanisms, which are related to the detection of texture edges, involves texture transparency.
The results of Kawabe and Miura (2004a) cannot be explained in terms of perceptual grouping. In their second experiment, the degree of overlap strongly affected the perception of transparency, however, the feasibility of perceptual grouping based on Gabor spatial frequency did not seem to change. Moreover, the visibility of texture edges was also irrespective of perceptual grouping though it significantly affected the occurrence of texture transparency. Therefore, Kawabe and Miura (2004a) suggested that an explanation of texture transparency by perceptual grouping is not suitable.
From the results of Kawabe and Miura (2004a) , it is predicted that the integrating outputs of neighboring FRF mechanisms contribute to the occurrence of texture transparency. Fig. 3(c) shows the hypothetical FRF mechanisms involving texture transparency. Kawabe and Miura (2004a) showed that texture transparency occurred only when texture edges in non-overlapping regions exist. The FRF mechanism can respond to texture edges in non-overlapping regions, and it is also true that texture edges in overlapping regions are processed in FRF mechanisms. Therefore, it is speculated that integrating outputs of these FRF mechanisms, which respond to texture edges consisting of similar carrier information is critical for the occurrence of texture transparency, though empirical evidence has yet to be obtained.
The involvement of FRF mechanisms in texture edges has been directly investigated. Kawabe and Miura (2005) measured the probability of texture transparency as functions of spatial frequencies of overlaid orthogonal contrast-modulated square wave gratings, and the differences in carrier spatial frequencies or carrier orientation between gratings.
The results showed that the higher the spatial frequencies of contrast modulation (more than 0.25 cpd), the lower the occurrence of transparency. These results are consistent with the insensitivity of FRF mechanisms to higher spatial frequencies of contrast modulation (Dakin & Mareschal, 2000; Kingdom et al., 1995) . Moreover, despite the types of carrier signals such as orientation and spatial frequency, critical differences in carrier signals between gratings were required for texture transparency (see the upper figures in Fig. 4) . They consequently suggested that the mechanism for texture transparency is integration or separation of outputs of overlapping FRF mechanisms (the lower diagrams in Figure 4) . In their stimuli, the orientation of contrast modulation gratings was orthogonal, and therefore the different FRF mechanisms, which respond to orthogonal contrast modulations, seemed to independently detect these gratings, as suggested in Arsenault et al. (1999) and Fig. 2 . Kawabe and Miura (2005) suggested that the outputs of overlapping FRF mechanisms are integrated when the carrier information as inputs of these FRF mechanisms is similar; on the other hand, they are separated when the carrier information as inputs is critically different between FRF mechanisms. This suggestion is consistent with the results of Kingdom and Keeble (2000) when we assume that in their study the outputs of phase-dependent overlapping FRF mechanisms are integrated or separated by their carrier signals. From the results of both Kingdom and Keeble (2000) and Kawabe and Miura (2005) , we speculate that texture transparency in completely overlapping patterns is realized by FRF mechanisms that selectively tune to diverse second-order features (phase of orientation modulation or orientation of contrast modulation) and have sufficiently different carrier signal inputs. However, the model shown in Fig. 4 is still limited with regards to fully explaining the results of Kawabe and Miura (2004a) . In Kawabe and Miura (2004a) , texture edges in non-overlapping regions were critical for texture transparency. However in the model of Fig. 4 . The stimuli in Kawabe & Miura (in press) and schematic diagrams of their explanation for texture transparency. Each pair of ellipses represents second-order filters in the FRF mechanism. Each white ellipse represents the excitatory region and each black ellipse represents inhibitory regions in the receptive field of second-order filters in the FRF mechanism. In panel (a), both FRF mechanisms have similar carrier inputs (low spatial frequency: low SF), and resultant interaction between the two involves integration of outputs of these mechanisms, consequently not causing texture transparency. In panel (b), the FRF mechanism sensitive to right-tilted contrast modulation has inputs of low SF, while on the other hand the one sensitive to left-tilted contrast modulation has inputs of high SF. In this condition, resultant interaction between the two FRF mechanisms involves separation of them, consequently causing texture transparency. Kawabe and Miura (2005) , interaction between neighboring FRF mechanisms was not assumed, though it was shown that differences in the carrier inputs of overlapping FRF mechanisms are critical for occurrence of texture transparency when the visual system determines the segregation of completely overlapping gratings. Therefore, in addition to overlapping FRF mechanisms, spatially neighboring FRF mechanisms have to be assumed for a complete explanation of texture transparency. By extending the idea of Kawabe and Miura (2005) , Kawabe and Miura (2004b) suggested that spatial integration/separation of texture edges, that is, integration/ separation of outputs of neighboring FRF mechanisms, across junctions seems to be important for texture transparency. Kawabe and Miura (2004b) utilized crossed stripes consisting of Gabors, and measured the probabilities of transparency by changing the orientation differences between junctions (overlaid regions) and flanking (non-overlaid) regions (Fig. 5) . As a result, a high probability of transparency was observed when the orientation differences between junctions and flanking regions were small (less than 30°, upper figure in Fig. 5a ). The results also showed that the probability was significantly reduced below a chance level when orientation differences between these regions exceeded 30°; five individual square regions were perceived instead of texture transparency (upper figure in Fig. 5b ). In general, an orientation difference of 30° is enough to elicit a strong texture boundary signal (Motoyoshi & Nishida, 2001 ). This means that outputs of neighboring FRF mechanisms are separated when the difference in carrier orientation inputted to each FRF mechanism exceeds 30°, resulting in perception of adjacent regions. The separation of outputs of FRF mechanisms that tune to orthogonal contrast modulation should also be considered. In Kawabe and Miura (2005) , it was suggested that the outputs of FRF mechanisms are integrated if the carrier inputs of these mechanisms are similar, even when these mechanisms respond to orthogonal contrast-modulation gratings as shown in Fig. 2 . In Kawabe and Miura (2004b) , the carrier orientations inputted to the orthogonal FRF mechanisms were clearly different from each other (i.e., 90°). This means that in Kawabe and Miura (2004b) , separating overlapping outputs of FRF mechanisms responding to orthogonal contrast modulation is likely to play a role in causing texture transparency. To summarize, the results of Kawabe and Miura (2004b) indicate that both (1) successful integration of collinear texture edges across junctions on the basis of carrier inputs of neighboring FRF mechanisms and (2) separation of orthogonal contrast modulation in FRF mechanisms seem to result in texture transparency, and support the idea of Kawabe and Miura (2004a) shown in Fig. 3c .
In this section, we reviewed the literature on texture transparency and established the idea that FRF mechanisms, which underlie texture segregation, are also shared by texture transparency. Specifically, the primary factors for texture transparency are the integration of texture edges in FRF mechanisms on the basis of carrier information as inputs, and the separation of orthogonal texture edges in FRF mechanisms. In the final section, we raise some outstanding problems regarding texture transparency.
OUTSTANDING PROBLEMS
This review paper tackled the mechanism of texture transparency, and proposed a mechanism shared by texture segregation. In the following section, we raise some unresolved issues, which needed to explain the entire processing of texture transparency; we plan to conduct future experiments to solve these problems.
Second-Order Junctions
In luminance and texture transparency, the junctions between two regions are likely to have important information for determining surface structures in the stimuli. In general, the junctions defined by luminance are classified into four sub-junctions: T, X, L, and Y, which signal the presence of occlusion (Anderson, 2003) , transparent surfaces (Adelson & Anandan, 1990) , continuous surfaces (McDermott & Adelson, 2004) , and three-dimensional structures such as corners in depth (Enns & Rensink, 1991) , respectively.
These junctions can be represented by texture. For example, the stimuli used by Kawabe and Miura (2004b) had second-order X-junctions (lower panels in Fig. 5 ). The stimuli of Kawabe and Miura (2004b) also had L-junctions when there were no first-order orientation differences between gratings, resulting in the perception of a uniformly textured surface (see junctions in Fig. 4a) . Moreover, our another study showed that humans can perceive depth-order from second-order T-junctions (Kawabe & Miura, in press ).
On the other hand, it is unclear how these junctions are processed. The results of Kawabe and Miura (2004b) suggest that the integration of texture edges across secondorder X-junctions is important for texture transparency. However, the underlying mechanism for the interpretation of other types of second-order junctions such as T, L, and Y is still unclear. To clarify this matter, we intend to conduct another set of experiments to attempt to ascertain whether FRF mechanisms are involved in the perception of surface structures from various second-order junctions as with texture transparency.
Time Course of Texture Transparency
Determination of how long it takes to segregate overlaid surfaces by texture is also required. In the previous studies, the time course of texture transparency was not focused on. It is suggested that luminance transparency is rapidly processed (Mitsudo, 2003 (Mitsudo, , 2004 Watanabe & Cavanagh, 1993) , while on the other hand, surface representations from motion transparency (Lindsey & Todd, 1998) and stereo transparency (Akerstrom & Todd, 1988 ) take more time. From observations in a pilot study, observers reported that texture transparency takes as much time as motion or stereo transparency. Experiments controlling display duration, differences in first-order orientation/spatial frequency, and second-order spatial frequency will disambiguate this problem.
Synergetic Effects by Combining Several Textures
To date, stimuli comprised of single texture attributes have been utilized; for example, orientation differences or spatial frequency differences. It has been suggested that a combination of several texture attributes can improve performance in change detection tasks (Meinhardt & Persike, 2003) . That is, the visual system appears to utilize representation after several attributes of texture are integrated. The threshold for texture transparency might decrease if FRF mechanisms are sensitive to representation after a combination of several visual attributes, or if probability summation across second-order filters responding to each visual attribute occurs. However, the threshold might remain unchanged if the mechanism is specialized for each attribute. Investigation of this matter will help understand the processing of texture transparency.
CONCLUSION
This paper addressed the mechanism of texture transparency. In the second section, we reviewed the literature on texture segregation and mentioned the phenomenal aspects of texture segregation and the underlying FRF mechanism. In the third section, we introduced the conventional theories of texture transparency and proposed a new explanation in terms of integration of collinear texture edges and separation of orthogonal edges at junctions by FRF processing. In the fourth section, we raised various problems that require clarification in the future.
Further investigations are needed to ascertain that the FRF mechanism underlying texture segregation also mediates texture transparency. However, in our opinion, the suggestion that the mechanism for texture transparency is shared by texture segregation seems likely. Moreover, this idea might link the detection of texture edges in FRF mechanism outputs to the representation of textured objects in mid-level vision, because the integration/separation of texture edges can contribute to the construction of surface representation by texture. Verification and the establishment of a model in the future will clarify the connection between early visual processing with regards to texture and the perceived image.
